Experimental Details
The ion/molecule reactions were performed with a Spectrospin CMS 47X Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometer equipped with an external ion source as described elsewhere. [1] [2] [3] In brief, FeC4 + was generated by laser ablation of a compressed iron/graphite powder (1:4; molar ratio) disk using a Nd:YAG laser operating at 532 nm; helium served as a cooling and carrier gas. Using a series of potentials and ion lenses, the ions were transferred into the ICR cell, which is positioned in the bore of a 7.05 T superconducting magnet. After thermalization by pulses of argon (ca. 2×10 -6 mbar), the reactions of massselected FeC4 + were studied by introducing isotopologues of methane, i.e. CH4, CD4, 13 CH4, and a mixture of CH4 and CD4 (CH4 : CD4 = 1:2) via leak valves at stationary pressures. A temperature of 298 K was assumed for the thermalized clusters. 1-3
Computational Details
The calculations of the electronic structures were performed with Gaussian 16 and ORCA. 4, 5 To locate the most stable structure of FeC4 + , a Fortran-based genetic algorithm 6 to generate initial guess structures of FeC4 + , followed by density functional theory (DFT) calculations, were conducted; these results point to A01 as the most stable species ( Figure   S1 ), in agreement with a previous study. 7 The most stable structure of FeC4 + corresponds to a linear arrangement of these five atoms with the iron atom located at one end of the carbon chain.
To elucidate whether the ground state of A01 corresponds to a sextet or a quartet state, quite elaborate multireference (MR) calculations were conducted. The state-specific complete active space self-consistent field (CASSCF) 8 approach in conjunction with def2-TZVP (TZ) basis set, 9, 10 as implemented in ORCA 4, was employed to optimize the geometries of A01. An active space (17e,15o) is considered in these MR calculations; for selection of the active space, see Figure S4 . Finally, n-electron valence perturbation theory (NEVPT2) 11 single-point energy (SPE) calculations were performed by using the def2-QZVP (QZ) basis set. 9, 10 
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We used the ωB97 density functional in combination with the TZ basis set for structural optimization to model the potential energy surfaces of the reaction. 12, 13 Harmonic vibrational frequencies were computed to verify the nature of the stationary points. The minimum structures reported in this paper show only positive eigenvalues of the Hessian matrix, whereas the transition states (TSs) have only one negative eigenvalue. Intrinsic reaction coordinate (IRC) [14] [15] [16] [17] calculations were also performed to confirm that the transition states correlate between designated intermediates. The thermodynamic functions (ΔH) were estimated within the ideal gas, rigid-rotor, and harmonic oscillator approximations at 298 K and 1 atm.
We also conducted further calculations for structural optimization by using the BH&HLYP, 18 MN15-L, 19 MN15, 20 ωB97XD 12 functionals combined with TZ basis set for 4,6 TS1 and 4,6 TS2; these structures are shown in Tables S1 and S2.
As commonly accepted, the geometries of molecular structures are less dependent on the level of theory than their energies. For further energetic refinements, SPE calculations at the ωB97XD/QZ level of theory were performed on the structures optimized with ωB97 functional.
As suggested by Perdew and co-workers, 21 the electron density distributions and atomic charges were calculated at the CASSCF(19e,17o)/TZ level of theory to avoid physically meaningless electron density obtained by DFT method. Figure S1 . Most stable isomers of FeC4 + as calculated at the ωB97/TZ level of theory.
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Figures
Selected geometric parameters are also provided. Bond lengths are given in Å. The superscripts refer to the respective spin states. The symmetries and relative enthalpies (kJ mol -1 ) are given in parentheses. Color codes: sextet state, black; quartet state, blue. Figure S2 . Transition states related to active sites of C β and C γ . Relative energies (ΔH in kJ mol -1 are also provided in parentheses. Selected geometric parameters are also provided. Charges are omitted for the sake of clarity. Bond lengths are given in Å and angles in degrees. The relative enthalpies (kJ mol -1 ) are given in parentheses. Color codes: sextet state, black; quartet state, blue. 
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